Background/Aims: Spine and spinal cord pathologies and associated neuropathic pain are among the most complex medical disorders to treat. While rodent models are widely used in spine and spinal cord research and have provided valuable insight into pathophysiological mechanisms, these models offer limited translatability. Thus, studies in rodent models have not led to the development of clinically effective therapies. More recently, swine has become a favored model for spine research because of the high congruency of the species to humans with respect to spine and spinal cord anatomy, vasculature, and immune responses. However, conventional breeds of swine commonly used in these studies present practical and translational hurdles due to their rapid growth toward weights well above those of humans. Methods: In the current study, we evaluated the suitability of a human-sized breed of swine developed at the University of Wisconsin-Madison, the Wisconsin Miniature Swine TM (WMS TM ), in the context of thoracic spine morphometry for use in research to overcome limitations of conventional swine breeds. The morphometry of thoracic vertebrae (T1-T15) of 5-6 months-old WMS was analyzed and compared to published values of human and conventional swine spines. Results: The key finding of this study is that WMS spine more closely models the human spine for many of the measured vertebrae parameters, while being similar to conventional swine in respect to the other parameters. Conclusion: WMS provides an improvement over conventional swine for use in translational spinal cord injury studies, particularly longterm ones, because of its slower rate of growth and its maximum growth being limited to human weight and size.
Introduction
Spinal cord injury (SCI) has a worldwide incidence of 1 in 25,000 and a total prevalence of around 276,000 patients in the United States alone [1] . In addition to functional disability, up to 70% of these patients are disproportionately affected by neuropathic pain (NP). Annual expenditures for treatment, care, and rehabilitation of SCI patients reach up to USD 10 billion [2] . Consistently effective therapies for SCI and for the management of NP have not been attained. While many promising molecular, gene, and cell therapies are being explored for SCI, advancement of these therapies to the clinical setting is hampered by a gap that exists between early research and clinical testing. Most SCI research occurs in small animal models such as mice [3] [4] [5] [6] and rats [7] [8] [9] [10] . However, no therapy shown to be safe and effective in rodent studies has advanced through clinical trials for treating human SCI [11] . A large animal model, such as the swine, may overcome many of the translational weaknesses of small animal models [12] .
The genetic, anatomical, physiological, and pathophysiological proximity of the swine to human, and the similar spinal cord anisotropy, surface to volume ratios, and nerve tract organization, make swine an ideal model for preclinical studies of SCI. We have published a review concluding that swine, next to non-human primates, best models humans with respect to (1) spine and spinal cord anatomy, (2) spinal vasculature, (3) immune responses, and (4) assessment of higher neural function, and are suited for advancing the development of novel delivery systems and therapies in a translational manner [12] . Previous studies of the spine in swine found it to be an appropriate biomechanical model for the human spine [13, 14] . Other biomechanical studies comparing spinal segments from swine, sheep, goat, bovine, and deer further support the use of swine spine models but lacked precise geometrical data [15] [16] [17] . However, more recent studies have now included anatomical dimensions of the swine cervical, thoracic, and lumbar vertebrae [13, [18] [19] [20] .
Most swine models of SCI utilize conventional breeds of swine [12] . These conventional breeds typically reach 100 kg (220 lb.) by 4-5 months of age and 249-306 kg (550-675 lb.) at full maturity and thus pose challenges in the biomedical research setting [21, 22] . In contrast, miniature swine breeds such as the Wisconsin Miniature Swine TM (WMS TM ) developed at the University of WisconsinMadison, range from 25 to 50 kg (55-110 lb.) at 4 months of age and 68-91 kg (150-200 lb.) at full maturity, approximating the weight of an average human. WMS can also maintain these adult human weights, while conventional breeds grow at a rate that renders them impractical for use in studies longer than a month duration and for studies using clinical imaging modalities such as MRI, CT, and PET. The disparity in growth rate also applies to the growth and development of the spine and spinal cord. In the context of SCI, the rapidly growing spine and spinal cord of conventional swine do not anatomically and physiologically model the comparatively static nature of the injured spine and spinal cord of a human adult. Additionally, miniature swine more accurately model human vascular anatomy, physiology, and pathophysiology [22] , an aspect of biology that is important to the study of SCI. Given these advantages, the WMS is being increasingly considered for SCI studies. However, the comparative morphometry of the WMS spine has not yet been established. In this manuscript, we perform a morphometric analysis of the thoracic region of WMS spine and compare it to previously published reference values of human and conventional swine spines.
Methods

Swine Spine Source
All experiments involving animals were conducted under protocols approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee in accordance with published NIH and USDA guidelines. Five to sixmonth-old WMS (approximately 50 kg) bred and maintained at the Swine Research and Teaching Center (SRTC; University of Wisconsin-Madison) were euthanized (by electrical stunning of the brain followed by exsanguination) and their vertebral columns were dissected out from the body and kept frozen at -20 ° C until use in morphometric studies.
Anatomical Dimensions
Extraneous soft tissue was removed from each thoracic vertebra using scalpel and forceps. Measurements were taken with calipers by 2 individuals, and averaged, using landmark references as previously published [13] (Fig. 1 , Table 1 ). Analysis was confined to the T1-T15 thoracic region. While measurements of T2-T15 were performed on spines from all 5 swine, those of T1 were only collected from 3 of the spines.
Statistical Analysis
The measured parameters from the WMS spine were compared to those of human (55-84 years of age, mean = 72 years; mean height of 82 cm) and conventional swine (Landrace pigs; 4-month old; mean weight = 40 kg) that were previously published [13] . Welch's t test was performed using the equations below to identify statistically significant differences between WMS and human spines, and between WMS and conventional swine spines. We assumed normal distribution when using previously published data [13] and unequal variances between the compared data sets.] DOI: 10.1159/000488022
where X, s 2 , n, and d.f. denote the sample mean, sample variance, sample size, and degrees of freedom respectively. The estimated d.f. values were rounded down for calculation of p values using Table 1 . Representative T6 vertebrae shown. 
Results
Vertebral Body Height Dimensions
Anterior and posterior vertebral body height (VBHa and VBHp respectively) generally increases from T6-T15 in all species (Fig. 2) . WMS VBHa values are significantly different from human from T1-T3 and T12, while VBHp values are significantly different at T2, T3, T10, and T12. WMS VBHa values are significantly different from conventional swine at T12-T15 and VBHp values are significantly different in most vertebrae. WMS VBHa means are closer to human than conventional swine from T9-T12 and in VBHp from T4-T12.
End-Plate Dimensions
Upper and lower end-plate widths (UEPW and LEPW) and depths (UEPD and LEPD) generally increased from T1-T15, with the rate of change being more pronounced in humans (Fig. 2) . The WMS values for these parameters are significantly different from human except for T1 UEPD. While the patterns of difference are similar to those between human and conventional swine, most measurements (UEPW, LEPW, and LEPD) in WMS are more similar to those of human when compared to similarities between conventional swine and human.
Spinal Canal Dimensions
The spinal canal of a human is significantly wider and deeper than both the WMS and conventional swine spinal canal (Fig. 3) Pedicle Width and Height WMS pedicle width is significantly different from humans at T6 and T12 and significantly different from conventional swine at T12-T15 (Fig. 3) . WMS pedicle height (PedH) is significantly different from that of both human and conventional swine species; WMS mean values are larger and conventional swine values are smaller than those of human.
Process Length
Spinous process lengths (SPL) generally decrease over the thoracic vertebrae in both swine models, while that of human first increase from T1-T6 before decreasing (Fig. 3) . WMS SPL is significantly different from that of human from T1-T7 and significantly different from conventional swine at every vertebra. Transverse process length in both WMS and conventional swine is significantly different and with smaller mean values than that of humans. Transverse process length decreases proportionally down the thoracic spine in both species.
Discussion
The current study focused on the thoracic region of the spine, as many of the existing swine models of traumatic SCI commonly target this region for research. The key finding of this study is that the WMS TM spine more closely models the human thoracic spine than the spine of conventional swine does with respect to many of the measured vertebrae parameters. For all others, except VBHa (T1-T8), PedH (T1-T12), and SPL (T1-T12), WMS spine models the human spine similarly to conventional swine.
An effective animal model must accurately represent the complexities of the human spine, spinal cord, and the pathophysiology of injury to allow for the development and testing of therapies and delivery systems in a transalational manner [12] . To date, drug-based therapies for SCI and NP management have had limited efficacy in humans [23] . The heavy reliance on mouse [3] [4] [5] [6] 24] and rat [7] [8] [9] [10] models for SCI research has led to inaccurate assessment of the effectiveness of therapies and delivery methods, especially of those administered into the spinal cord. The large surface area to volume ratio and the small axial plane of the spinal cord in small animals result in the distribution of therapies that is significantly different from that in humans. In such models, simple diffusion drives pharmaceutical delivery, bathing a large segment of the spinal cord in the administered therapy. Therefore, promising therapies developed in rodents when advanced to humans often fail to demonstrate a substantial effect in the human spinal cord, for example, where simple diffusion does not deliver the therapy into portions of the transverse spinal cord [23] . Thus, larger animal models such as the swine that more closely mimic human spine and spinal cord anatomy and size enable more accurate assessment of the efficacy of therapies delivered into the spinal cord (Fig. 4) . They also provide the platform on which advanced delivery methods, such as convection enhanced delivery, which DOI: 10.1159/000488022 T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15 A T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14 T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14 T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15 A T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14 T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15 A T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14 T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15   A  A, T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14 T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15 A,P A,P A,P A,P T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15 A T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14  T15 A,P A,P A,P A,P A,P A,P A,P A,P A,P A,P A,P P P P B,Q PedH, mm , and compared to published values [13] of spine of humans and a conventional swine breed (Landrace). Letters A-D denote statistically significant differences (p < 0.001, p < 0.005, p < 0.01, and p < 0.05, respectively) in measurements between WMS and human spines at the corresponding vertebral segment (T1-T10). Letters P-S denote statistically significant differences (p < 0.001, p < 0.005, p < 0.01, and p < 0.05 respectively) in measurements between WMS and conventional swine at the corresponding vertebral segment (T1-T12). The data are presented as mean ± SEM. , and compared to published values [13] of spine of humans and a conventional swine breed (Landrace). Letters A-D denote statistically significant differences (p < 0.001, p < 0.005, p < 0.01, and p < 0.05, respectively) in measurements between WMS and human spines at the corresponding vertebral segment (T1-T10). Letters P-S denote statistically significant differences (p < 0.001, p < 0.005, p < 0.01, and p < 0.05 respectively) in measurements between WMS and conventional swine at the corresponding vertebral segment (T1-T12). The data are presented as mean ± SEM. show promise for targeted delivery of therapies into the brain [25] [26] [27] [28] , can be developed and refined for improving the effectiveness of therapies administered into the spinal cord [25, 29] .
Although the swine has been increasingly recognized as a more translational SCI model, its use has been hampered by practical limitations often posed by the rapid growth rate of conventional swine breeds, especially when used in longer-term efficacy studies. The corresponding rate of growth of vertebrae also hampers proper testing of static corrective devices or hardware, such as pedicle screws. Thus, miniature swine breeds such as WMS with the slower rate of growth and human weights at maturity offer practical advantages over conventional breeds for SCI research. The current study provides the first morphometric characterization of the WMS spine and validation that the breed would provide an improvement over conventional swine for spine studies.
